Members of the genus Francisella and the species F. tularensis appear to be genetically very similar despite pronounced differences in virulence and geographic localization, and currently used typing methods do not allow discrimination of individual strains. Here we show that a number of short-sequence tandem repeat (SSTR) loci are present in F. tularensis genomes and that two of these loci, SSTR9 and SSTR16, are together highly discriminatory. Labeled PCR amplification products from the loci were identified by an automated DNA sequencer for size determination, and each allelic variant was sequenced. Simpson's index of diversity was 0.97 based on an analysis of 39 nonrelated F. tularensis isolates. The locus showing the highest discrimination, SSTR9, gave an index of diversity of 0.95. Thirty-two strains isolated from humans during five outbreaks of tularemia showed much less variation. For example, 11 of 12 strains isolated in the Ljusdal area, Sweden in 1995 and 1998 had identical allelic variants. Phenotypic variants of strains and extensively cultured replicates within strains did not differ, and, for example, the same allelic combination was present in 55 isolates of the live-vaccine strain of F. tularensis and another one was present in all 13 isolates of a strain passaged in animals. The analysis of short-sequence repeats of F. tularensis strains appears to be a powerful tool for discrimination of individual strains and may be useful for a detailed analysis of the epidemiology of this potent pathogen.
Francisella tularensis is the etiological agent of tularemia, a disease affecting many mammalian species including humans, rodents, and lagomorphs. Rodents and lagomorphs are highly susceptible to the disease and often die from the infection. These animals are believed to be a source of infection for other mammals, and the disease is transmitted to humans via vectors such as ticks or mosquitoes. F. tularensis isolates are highly infectious, and a bite by a vector may be sufficient to establish human infection (4) .
Tularemia occurs over the whole Northern Hemisphere, and areas with a rather high incidence of the disease exist in Scandinavia, Russia, and United States. The most virulent F. tularensis isolates belong to the subspecies tularensis, and before the introduction of effective antibiotic treatment, human infections caused by such strains resulted in a mortality rate of up to 30% (5, 14) . Although this subspecies was formerly believed confined to the United States, recent studies have reported its occurrence in Europe as well (9) . Virtually all European isolates belong to the subspecies holarctica, and although such isolates may cause severe disease and are highly infectious, they rarely result in human mortality. F. tularensis subsp. holarctica strains exist in North America as well. Japanese F. tularensis strains belong to the subspecies holarctica, while those from Central Asia constitute a separate subspecies, F. tularensis subsp. mediaasiatica (25) . There are only a few known isolates of the fourth subspecies, F. tularensis subsp. novicida (25) . All have been linked to water and may cause disease in compromised individuals (3) .
Although its subspecies differ dramatically in virulence, F.
tularensis appears to be a genetically homogenous species. Recent taxonomic work has aimed to develop molecular tools for discrimination of the four recognized subspecies and individual strains. This work has been successful insofar as it has allowed discrimination between the two most important subspecies from a clinical standpoint, subspecies tularensis and holarctica, but none of the developed methods allow high discrimination of individual strains (6, 11, 15) . Thus, there is a need for better methods for the studies of the relationships of F. tularensis strains. An ongoing project is aimed to sequence the genome of a prototypical isolate of F. tularensis subsp. tularensis, Schu S4. This work is more than 98% complete, and a thorough analysis of the genome is therefore possible. We used the sequence information to identify short-sequence repeats. Such repeats appear to exist in variable numbers in many prokaryotic genomes and, since they are rapidly evolving, have shown promise for discrimination of individual strains (29) . We identified eight short-sequence tandem repeats in the F. tularensis genome. Two loci, each containing a unique repeat, showed high allelic variation. A typing method based on the allelic variation of the two loci is shown to be superior for discrimination of F. tularensis isolates compared to previously used methods.
MATERIALS AND METHODS
Bacteria, media, and growth conditions. The bacterial strains (Table 1) all belong to the Francisella strain collection of approximately 250 Francisella strains and have been tested for specific agglutination and examined by PCR specific for a gene encoding an Francisella-specific 17-kDa lipoprotein (24) . In addition, they have been biochemically characterized, with the exception of a few recently isolated Swedish strains. The strains included in the study encompassed 39 nonrelated F. tularensis isolates representing each of the four subspecies, 32 isolates from five human tularemia epidemics, 55 replicates of a strain serially passaged on solid media, and 13 replicates of a strain isolated after passages in mice, guinea pigs, or alpine hare (21) ( Table 1 ). All strains were characterized also by use of a PCR assay based on primers C1 and C4, which identifies F. tularensis subsp. holarctica strains (15) . Bacteria were grown for 2 days on modified Thayer-Martin agar plates (23) at 37°C under 5% CO 2 , harvested by scraping, suspended in saline at a concentration of 10 9 /ml, and heat killed at 65°C for 2 h. The cell suspensions were stored at Ϫ20°C until used.
Tularemia epidemics. Strains from epidemics occurring in areas along the rivers Ljusnan and Västerdalälven in central Sweden in 1981 Sweden in , 1995 Sweden in , and 1998 and from an area surrounding the city of Oulu in northern Finland in 1997 were received from laboratories which had performed the primary isolation. The isolation had been performed by (i) the Swedish Defense Research Agency; (ii) the Swedish Institute for Infectious Disease Control, Stockholm, Sweden; or (iii) the Clinical Microbiology Laboratory, Oulu University Hospital, Oulu, Finland.
All strains were further characterized by our laboratory to ascertain the species to which they belonged. For each epidemic, the suspected locations where infection had been contracted were at most 50 km apart. Cases associated with the same epidemic occurred within a period of at most 2 months, with the exception of the Oulu outbreak, where isolation dates encompassed 1 year. The area of Västerdalälven is located at latitude 60.5°and longitude 14.5°, Ljusdal is located at latitude 61.8°and longitude 16.1°, and Oulu is located at latitude 65.2°and longitude 25.5°. The distance from Ljusdal to Västerdalälven is 180 km, and the distance from Ljusdal to Oulu is 650 km.
Identification of repetitive elements. At present, the genome of the Schu S4 strain of F. tularensis subsp. tularensis is being sequenced. Our analysis was based on a total of 1.9 million bases, estimated to represent Ͼ98% of the total genome. 
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By use of the REPuter Program developed at the University of Bielefeld, Bielefeld, Germany, we searched for regions with repeated sequences of a total length of more than 15 bp (18). Primers and PCR amplifications. Primers were designed to allow amplification of eight regions with short-sequence tandem repeats (SSTR). After an initial evaluation of 10 strains, representing each of the four F. tularensis subspecies, the two SSTR regions with the highest discriminatory ability were further analyzed. The following primer pairs were used: 5Ј-GTTTTCACGCTTGTCTCCTATC A-3Ј (SSTR9F) plus 5Ј-CAAAAGCAACAGCAAAATTCACAAA-3Ј (SSTR9R), and 5Ј-GTTGGCGAACCTAAAATAATAGC-3Ј (SSTR16F), plus 5Ј-CAGCT CGAACTCCGTCATAC-3Ј (SSTR16R). PCR was performed in a total volume of 25 l. The PCR mixture contained 1 l of bacterial supernatant, an 0.8 M concentration of (each) forward and reverse primer (MWG-Biotech AG, Ebersberg, Germany), 1 U of DyNAzyme DNA polymerase (Finnzymes OY, Espoo, Finland), and a 200 M concentration of (each) deoxynucleoside triphosphate in the buffer provided by the polymerase manufacturer. An initial denaturation at 94°C for 5 min was followed by 30 cycles of denaturation at 94°C for 30 s, annealing at 62°C (SSTR9) or 60°C (SSTR16) for 30 s, and extension at 72°C for 30 s, followed by a final extension at 72°C for 10 min. PCR products were stained with ethidium bromide and visualized on 3% NuSieve 3:1 agarose gels (FMC BioProducts, Rockland, Maine) in an initial evaluation of allele variability.
Allele size determination and sequencing. The SSTR9 and SSTR16 regions of the F. tularensis strains were amplified as described above, with a 5Ј-end labeling of one primer using 6-FAM (MWG Biotech AG). Size determination was performed on an ABI 377XL DNA Sequencer (PE Applied Biosystems, Stockholm, Sweden). PCR products were diluted 1:5, and 1 l was loaded plus 1.5 l of GeneScan-1000 size standard and loading buffer, on a nondenaturating 6.5% polyacrylamide gel. Separation was performed at 30°C for 8 h. Data collection and analysis were done using filter set D and GeneScan analysis software (PE Applied Biosystems). Unlabeled PCR products of the SSTR9 (29 strains) and SSTR16 (12 strains) regions were purified by MicroSpin S-400HR columns (Amersham Pharmacia Biotech, Uppsala, Sweden) and sequenced using the amplification primers and the Big Dye terminator cycle-sequencing ready reaction kit (PE Applied Biosystems).
Statistical analysis. Discriminatory power, i.e., the average probability of the typing system to assign a different type to two randomly selected unrelated strains, was assessed by use of Simpson's index of diversity as proposed by Hunter and Gaston (10) .
Nucleotide sequence accession numbers. The SSTR9 and SSTR16 regions of F. tularensis subsp. tularensis strain Schu S4 have been assigned GenBank accession no. AF356777 and AF357005, respectively.
RESULTS

Allelic variation of repetitive elements.
The analysis of 1.9 million bases of the Schu S4 genome revealed eight discrete loci of short-sequence tandem repeats that occurred in at least four copies. Primers were constructed that annealed to conserved sequences upstream and downstream of selected repeats, thereby allowing the determination of the total size of the region and providing an indirect estimate of the number of repeats. This analysis was performed for eight loci of 10 F. tularensis strains, with all subspecies represented among the strains. Most of these loci showed limited or no variation among strains of the subspecies holarctica, mediaasiatica, and novicida. Only one analyzed element showed good discrimination of strains of all subspecies, and this 9-bp repeat appeared in highly variable numbers in the genomes. The Schu S4 strain contained 25 copies. Within 10 F. tularensis subsp. tularensis strains, besides the 9-bp repeat, a 16-bp repeat showed the highest variation, and 18 copies were present in the Schu S4 strain.
Analysis of the region containing the SSTR9 element. A region containing the 9-bp SSTR was sequenced (Fig. 1) . It was localized within an open reading frame (ORF) encoding a putative protein of 231 amino acids in the Schu S4 strain (F. tularensis subsp. tularensis). A GenBank Blastx search identified homology to a putative protein of Pseudomonas aeruginosa (GenBank accession no. AE004731; E value, 7 ϫ 10 Ϫ11 ; 33 of 78 identical amino acids). PCR amplification of the region containing the repetitive element in different F. tularensis strains showed that its size ranged from 234 to 585 bp. Sequencing of the region from 29 strains showed that four sequence variants of the 9-bp repeat existed and that the repeats were always localized in tandem, hence the designation SSTR9 (short-sequence tandem repeat with 9 nucleotides). Interestingly, the variability did not affect the encoded amino acid (Table 2 ). In the sequenced SSTR9 alleles of the 29 strains, there were correlations between repeat variants and subspecies; i.e., some repeats were found only in some subspecies but in all sequenced alleles of the subspecies. Moreover, the sequencing revealed that each of the variants of the 9-bp repeats were arranged in tandem and that the tandem regions were always arranged in the order A, B, C, D, and E (designations as indicated in Table 2 ).
Analysis of the region containing the SSTR16 element. A 16-bp SSTR was identified in multiple loci of the genome sequence, and each 16-bp repeat was part of a larger repetitive element resembling an IS element. In the current assembly of the Schu S4 genome, 35 identical IS elements containing 2 to 18 copies of the 16-bp repeat were found. After an initial evaluation of 10 loci (data not shown), a locus containing 18 copies in tandem, designated SSTR16, was found to be the most discriminatory and was selected for further analysis (Fig.  2) . The 1,208-bp IS element of this locus contained two open reading frames encoding putative proteins of 126 (ORF1) and 118 (ORF2) amino acids. A GenBank Blastx search identified homology of ORF2 to a transposase of Aspergillus niger (GenBank accession no. AAB50684; E value, 1 ϫ 10 Ϫ15 ; 48 of 120 identical amino acids).
The 16-bp tandem repeats were located in a noncoding region adjacent to a 14-bp inverted repeat at one end of the putative F. tularensis transposon. PCR amplification of the SSTR16 region from different F. tularensis strains showed that its size ranged from 345 to 617 bp. No sequence heterogeneity of the 16-bp direct repeat was observed by sequencing of PCR products from 12 strains.
Variability of the SSTR9 and SSTR16 loci among F. tularensis strains. PCR amplification was performed on samples from each strain by using labeled primers, and amplicons were The alleles were sequenced in strains belonging to subspecies tularensis (n ϭ 6), holarctica (n ϭ 19), mediaasiatica (n ϭ 2), and novicida (n ϭ 2).
b Designations SSTR9A to SSTR9E refer to the sequence variants of the 9-bp repeat. The variants were each arranged in tandem, and these tandem regions always appeared in the order A, B, C, D, and E.
analyzed for size by electrophoresis on nondenaturing polyacrylamide gels. A representative electrophoretic analysis of the SSTR9 PCR amplicons is shown in Fig. 3 . The size range and sequencing of the SSTR9 locus showed that it contained a minimum of 3 and a maximum of 43 copies whereas the SSTR16 locus contained a minimum of 1 and a maximum of 18 copies of the respective SSTR. The amplicon sizes are summarized in Table 1 . The SSTR9 locus showed a high allelic variation, and if the strains listed in Table 3 are excluded from the calculation because of their epidemiological relationship, Simpson's index of diversity was 0.95 based on results from 39 unrelated strains.
The SSTR16 region was present in only two allelic variants in the F. tularensis subsp. holarctica and mediaasiatica strains, whereas it was highly discriminatory among F. tularensis subsp. tularensis strains. Simpson's index of diversity for this locus was 0.42. If the discriminatory power of the two loci was combined, the index of diversity was 0.97.
No allelic variation was observed in extensively cultured replicates within strains (Table 3) . Of 55 replicates of the live-vaccine strain of F. tularensis subjected to repeated passages on agar medium over a period of 3 months, all had identical allelic variants of SSTR9 and SSTR16 (Table 3) . Analysis of 13 isolates from 7 passages of strain FSC074 in mice, guinea pigs, and hares showed no allelic variation and no sequence heterogeneity. The strain was originally isolated in Sweden from a hare. Similarly, the prototypical F. tularensis subsp. tularensis strain, Schu, and the laboratory-derived smooth variant, Schu S4, contained the same allelic combination (Table 3) . Moreover, a rabbit isolate of F. tularensis subsp tularensis and an isolate subsequently cultured from a laboratory worker infected with the same strain (2) had an identical allelic combination that was not present in any other analyzed strain ( Table 3 ). The analysis of strains from outbreaks that occurred in the Ljusdal area of Sweden in 1981, 1995, and 1998 showed that only three allelic variants were represented among the 18 strains and at most two variants were present in each outbreak (Tables 3 and 4 ). The presumed location where infection had been contracted was within an area of 10 km along the river Ljusnan. A detailed summary of the allelic variants is shown in Table 4 . All except one strain showed an identical allelic combination from the outbreaks in 1995 and 1998. The only aberrant strain contained an allelic variant identical to the one found in most strains from the 1981 outbreak. During the latter outbreak, one strain was isolated with an allelic variant different from that in all other human isolates from Ljusdal but identical to that in an isolate from a dead hare found in the Ljusdal area the same year.
Isolates from Ljusdal showed a closer relationship than did isolates from an area along the river Västerdalälven in Sweden. In the latter case, the allele sizes were 315, 315, 405, 414, 414, and 414 bp ( Table 3 ). The cases occurred in locations up to 50 km apart. The six isolates from the Oulu area in Finland showed three allelic variants (Table 3) . In this case, the times of isolation varied over a period of more than 1 year. The size of the allelic variants varied from 396 to 414 bp. The cases occurred in locations to 50 km apart.
DISCUSSION
Our previous work showed that F. tularensis strains display a very limited genetic diversity, despite their varied geographical origin and wide variation in virulence, and this has hampered the development of useful tools for studies of the epidemiology of the pathogen. Restriction enzyme cleavage or sequence analysis of 16S rRNA genes demonstrated that the four subspecies could be discriminated, but individual strains could not be (6, 11) . A recent study evaluated the application of PCR based on the use of various arbitrary primers or primers specific to repetitive extragenic palindromic or enterobacterial repetitive intragenic consensus sequences (15) . It was concluded that the methods were useful for rapid analysis and may be a technically simple strategy for discrimination of subspecies but not of individual strains. Pulsed-field gel electrophoresis has become the standard for typing of many bacterial species (27) . The method has, however, not allowed much discrimination of F. tularensis strains within the same subspecies (A. Johansson and A. Sjöstedt, unpublished data). Thus, there is a need for methods that allow discrimination of individual strains.
A recent development in molecular typing is based on the analysis of short-sequence repeats in prokaryotic genomes. The repeats may be a result of replication slippage and, although they are more infrequent in prokaryotic than in eukaryotic genomes, appear to be present in variable and often relatively large numbers (31) . In many cases their role is obsolete, but recent studies show that they may regulate antigenic variation of, for example, virulence-associated genes and that their presence within genes may contribute to the coding potential of the messenger or the level of translation efficiency (29) . Amplification of regions containing variable numbers of repeat elements has formed a basis for successful typing of individual strains from a variety of pathogens such as Escherichia coli (20) , Haemophilus influenzae (30) , Staphylococcus aureus (28) , Mycobacterium tuberculosis (7, 17) , Mycobacterium africanum (8) , Helicobacter pylori (19) , Yersinia pestis (1), and Bacillus anthracis (12, 16, 22) .
Our findings show that typing of Francisella strains based on the analysis of SSTR is the method with the highest resolution tested so far. The repeats differ between strains of the same subspecies, and when the combined variability of the repeats was assessed, Simpson's index of diversity was 0.97. Therefore, it is the first method used for typing of F. tularensis strains that fulfills the recommended criterion, Ն0.95, for routine typing of individual isolates (26) . The relevance of the index requires that the test population reflect the diversity of the investigated species. We consider that our strain collection fulfills this criterion since the isolates originated from all relevant regions of the Northern Hemisphere and all four subspecies of F. tularensis are represented. The usefulness of the markers for epidemiological analyses of strains is supported by the finding that the allelic variants were not affected by extensive culturing in vitro or by passages in laboratory animals.
Despite the high discriminatory power of the method, we observed that epidemiologically related Scandinavian strains, i.e., strains isolated from a relatively confined area during a period of 2 months, contained the same or a few alleles of SSTR9. Moreover, the size variation of the SSTR9 allele was small in the related strains, only 9 bp in a majority of the strains from Ljusdal and at most 18 bp in the strains from Oulu. This may indicate that the strains from each epidemic, although containing distinct SSTR9 alleles, were genetically closely related. Moreover, it indicates that the same or similar clones of F. tularensis may persist in a geographically confined area, as supported by the finding that 18 of 20 strains from Ljusdal isolated during a period of 17 years differed in allele sizes by at most 9 bp. In Scandinavia, transmission to humans occurs predominantly in late summer or early autumn. If there is a persistence of clones of bacteria for years in various regions, this indicates that the seasonal outbreaks of tularemia occurring in Scandinavia are due to specific climatic conditions.
The copy number polymorphism of the SSTR9 locus, in particular; indicates that repeated insertions and deletions of repeats occur among F. tularensis isolates and is suggestive of a slipped-strand mispairing that create and maintain directly repeated sequences (31) . A functional role of the repeat is implied by the conservation present at the first and second codon positions in all of the sequenced strains, whereas the point mutations that obviously occur in the third codon posi- (13, 16) show that even in such genomes, variable numbers of repetitive elements exist that evolve rapidly and thus show great discriminatory power. In this respect, the results of the studies are analogous to our findings with Francisella. The discrimination of F. tularensis strains was, however, considerably higher than that for Y. pestis or B. anthracis strains. With regard to B. anthracis isolates, Keim et al. suggested that strains of different geographical origins may show identical allelic variants since clones have been dispersed worldwide due to human activities (16) . In the case of Y. pestis, typing based on a tetranucleotide repetitive element appear to yield a more limited discrimination since the same allelic variant was present in strains of different biovars.
In conclusion, our findings demonstrate that the analysis of short-sequence repeats is a powerful tool to understand the relationship of F. tularensis strains and may become an important tool for a detailed analysis of the epidemiology of the pathogen. The role of the Francisella short-sequence repeats is not understood, and it will be important to determine their biological significance.
